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Low rates of regeneration and recruitment for northern white-cedar (Thuja occidentalis)
have been observed in lowland forests in some parts of its range, especially in comparison to its
main tree competitor, balsam fir (Abies balsamea). In addition, climate projections suggest that
suitable habitat conditions for the two species will decline in the northeastern United States and
adjacent Canada due to widespread warming and increased variation in the timing and amount of
precipitation. As such, future climate conditions may alter the competitive dynamics of these two
species, which poses a major challenge for mitigating the negative effects of climate change
through stand management. Therefore, we investigated the lowland stand conditions associated
with cedar and fir regeneration and quantified how those conditions changed after a partial
harvest. Additionally, we determined how drought and flood treatments affected cedar and fir
sapling survival, growth, and physiology in a greenhouse.
In the field assessment of stand conditions associated with regeneration, we found that
species composition at the study sites was dominated by cedar in the overstory, fir in the sapling
2

layer, and both cedar and fir in the seedling layer. Although there was no significant difference
between the density of cedar and fir seedlings, density of fir saplings was significantly greater
than that of cedar. These results, consistent with the findings of other research, suggest that there
is a recruitment bottleneck between the seedling and sapling class for cedar but not for fir. Cedar
and fir seedlings were associated with many of the same site conditions, such as
microtopographic mounds and greater proportion of overstory cedar. Except for decreasing
canopy closure, the harvesting operations had no significant impact on microsite conditions
typically associated with cedar regeneration at the whole-stand scale, such as the
microtopographic variability of the soil surface and the amount of coarse woody debris that can
be used as regeneration sites. These data suggest that current conditions at these sites are equally
suitable for cedar and fir regeneration, but are more suitable for fir recruitment, which may allow
fir to outcompete cedar in the sapling recruitment stage.
In the greenhouse experiment, we used estimates of percent brown foliage as a proxy for
mortality and found that drought treatments were more detrimental to cedar, and flood treatments
were more detrimental to fir. The percentage of brown foliage for cedar increased at a greater
rate in comparison to fir because cedar experienced drought conditions more quickly and for a
greater duration than fir. This pattern was driven by cedar's high water use in comparison to fir,
which was likely at least partly due to its larger size despite being the same age. However, cedar
was also found to have a greater ability than fir to survive and recover from extreme drought and
flood stress than fir. Previously documented physiological drought-resistance characteristics such
as radially sectored hydraulic pathways and the capacity to maintain conductivity at low water
potentials likely explain this ability of cedar to recover. Important physiological indicators of
drought and flood stress were also identified for both species. These data suggest that although
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cedar was negatively affected by drought and flood conditions, cedar may be more resilient to
those conditions than fir.
Although the hydrologic conditions of lowland systems are predicted to have a ‘thermal
buffering’ effect on climate-growth responses, the moisture regimes to which cedar and fir are
adapted may be subjected to periods of increased drought or flooding. Our results suggest that
both cedar and fir may be sensitive to future climate conditions and thus are at risk due to climate
change. If future moisture regimes favor cedar over fir, climate change may reduce the need for
population management strategies for reducing density of fir competition. Currently, competition
control to release desired submerchantable cedar stems may be warranted, but continued
monitoring is needed to determine longer-term effects of management and climate change on
regeneration and recruitment.
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CHAPTER 1: FACTORS AFFECTING THE REGENERATION OF NORTHERN
WHITE-CEDAR (THUJA OCCIDENTALIS) AND BALSAM FIR (ABIES
BALSAMEA) IN MANAGED STANDS

1.1 Abstract
Northern white-cedar (Thuja occidentalis) has low rates of regeneration and recruitment
compared to balsam fir (Abies balsamea) in lowland forests in parts of its range. To investigate
the effect of harvesting on stand conditions associated with regeneration of these species (e.g.,
microtopography and coarse woody debris volume), we sampled lowland stands in Maine before
(n=8) and after (n=3) partial harvesting. On average, cedar comprised 76.9% of pre-harvest
overstory basal area across all stands. Yet, cedar comprised only 31.8% and 7.9%, respectively,
of seedling- and sapling-sized advance regeneration. Though previous work suggested that
mounds are important for cedar regeneration, we found that fir seedlings were more strongly
associated with mounds than were cedar. Harvesting reduced canopy closure by 17.8% but did
not significantly reduce density of advance regeneration, percent of stand area in mounds, or
volume of coarse woody debris in advanced decay classes. Results suggest that though partial
harvesting does not degrade some of the physical site features thought to be important for cedar
regeneration, fir dominates microsites that are suitable for both species. Competition control to
release desired sub-merchantable cedar stems may be warranted, but continued monitoring is
needed to determine longer-term effects of management on regeneration and recruitment.
1.2 Introduction
Northern white-cedar (Thuja occidentalis, hereafter cedar) is a species of high ecological,
economic, and cultural value. Its native range extends throughout southeastern Canada and the
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northeastern United States (Johnston, 1990). Cedar is dominant in forested lowlands (i.e.,
swamps and seeps with continuously flowing water), where the tree provides important wildlife
habitat, and increases vertical structure and local tree species richness (Boulfroy et al., 2012;
Johnston, 1990). Additionally, because high resistance to decay after death makes cedar valuable
for products such as shingles, fence posts, and exterior furniture, it has been reported to generate
approximately 15 to 20 million U.S. dollars yearly in mill-delivered log revenues in the New
England states, Ontario, and Quebec alone (Boulfroy et al., 2012). Despite its importance, cedar
is one of the least-studied commercial trees in its region.
Several factors appear to cause low rates of cedar regeneration and recruitment, a
phenomenon documented in parts of its range since the early 1900s (Cornett et al., 2000; Dupuis
et al., 2011; Larouche et al., 2010). One important factor for cedar regeneration is diverse
microtopography (i.e., the topographic variability of the soil surface) (Chimner & Hart, 1996a;
Curtis, 1946). In the wetland conditions of lowland cedar stands, microtopography can interact
with the hydrology of the wetland, and higher areas known as ‘mounds’ provide microhabitats
that reduce seasonal mortality from flooding and competition from other low-lying shrubs and
saplings (Chimner & Hart, 1996b). Microtopography is often directly influenced by site
disturbance history, in which fallen or harvested trees add to the heterogeneity of the landscape
through the creation of stumps and downed logs. These are collectively known as coarse woody
debris (CWD), and once decayed they provide moisture, nutrients, and protection from
competition that makes them valuable regeneration sites for late-successional conifers (Cornett et
al., 1997).
Additionally, to be recruited to larger size classes, cedar growing beneath an existing
overstory rely on repeated small-scale disturbances that create gaps in the canopy (Heitzman et
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al., 1997; Hofmeyer et al., 2010; Ruel et al., 2014); these gaps increase indirect light levels and
temperature within the stand. However, cedar’s main tree competitor, balsam fir (Abies
balsamea, hereafter fir), has a considerably faster growth rate and can respond in growth much
more quickly to increased midday light levels created by canopy gaps (Hofmeyer et al., 2010;
Moores et al., 2007). This makes cedar particularly vulnerable to competition and canopy
suppression, and because of this, it is rarely recruited to the sapling height class in some stands or
regions (Chimner & Hart, 1996b; Kneeshaw & Bergeron, 1996; Larouche et al., 2011). Finally, a
lack of recruitment has also been attributed to over-browsing by species such as white-tailed deer
(Odocoileus virginianus), as cedar is a highly palatable plant often favored for winter browse
(Cornett et al., 2000; Heitzman et al., 1997). This has implications for competition between cedar
and fir. Some studies have reported greater browsing of cedar than fir where the two coexist
(Allogio et al., 2021; Berven, 2011), though species selection varies not only with browser
population levels but with browser species (white-tailed deer, moose (Alces alces), or snowshoe
hare (Lepus americanus)) and factors such as the availability of other food and physical access to
regenerating stems (Bradshaw & Waller, 2016; Reuling et al., 2019).
Degradation of suitable microsites by poor management practices in harvested cedar
stands may also contribute to declining rates of cedar regeneration and recruitment (Kangas et
al., 2016). Because site requirements for cedar regeneration in lowland stands are specific,
suitable microsites can be disturbed if silvicultural treatments are not properly timed and applied
(Hofmeyer et al., 2010). Mechanized harvesters may cause damage to microtopography and
CWD within a stand (Kizha et al., 2021) and can directly reduce the abundance of advance
regeneration that survive each year (Peck & Zenner, 2008). In contrast, it has been suggested that
the location and size of canopy gaps can be specifically tailored to favor cedar recruitment by
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locating silvicultural gap treatments in areas with a high density of advance cedar regeneration
(Larouche et al., 2011).
Silvicultural systems that use partial harvesting such as single-tree selection, group
selection, and variants of shelterwood have been observed to be effective tools to perpetuate
cedar regeneration in upland stands (Larouche & Ruel, 2015a; Ruel et al., 2014). These systems
remove some of the overstory trees to create canopy gaps and increase the amount of light
reaching the understory to release advance cedar regeneration (Larouche et al., 2007); it has been
suggested that they could successfully be applied to lowland stands as well (Allogio et al., 2021;
Hannah, 2004; Johnston, 1977). Although harvesting damage may initially reduce the density of
advance regeneration (Peck & Zenner, 2008), it may also promote microsite conditions such as
exposed mineral soil that may favor regeneration of cedar over fir in the long run (Weaver et al.,
2009).
Our goal was to improve our understanding of the factors associated with regeneration of
cedar and fir in lowland cedar stands and how those factors are influenced by harvesting. Our
objectives were to 1) characterize overstory and understory tree species composition in lowland
cedar stands; 2) determine stand and microsite conditions associated with cedar and fir
regeneration; and 3) quantify how harvesting impacts stand structure, composition, and
availability of microsites for cedar and fir regeneration. Overall, this research will help improve
our understanding of cedar and fir regeneration and provide information on how to manage for
cedar in lowland stands.
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1.3 Methods
1.3.1 Study Sites and Pre-Harvest Inventories
The research was conducted in lowland stands in Danforth and Dyer, Maine, and at the
Penobscot Experimental Forest (PEF) in Eddington, Maine (Figure A1.1A.). The overstory of
each study site had at least 70% of basal area (BA) in cedar (Table A1.1.). All three sites have a
history of unspecified partial harvesting prior to the mid-1900s, with no known harvesting since
then. At the Danforth and PEF sites (Figure A1.1B., A1.1C.) there were two stands – one to be
treated with a partial harvest and one control. At Dyer (Figure A1.1D.) there were four stands –
one to be treated with a partial harvest and three controls.

Figure 1.1. Permanent sample plot and subplot setup schematic for measuring trees and stumps
at the Danforth and Dyer sites. There are three 15.2-m transects that were used for canopy cover
and microtopography measurements, and three 30.5-m transects for measuring downed logs. The
transects for canopy cover radiate from plot center at 60°, 180°, and 300° true north and the
transects for downed logs and microtopography measurements radiate from plot center at 0°,
120°, and 240°. The PEF site included an additional 0.0004-ha plot on the periphery of the 0.02ha plot at 0°.
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We collected pre-harvest forest inventory data in all eight stands. Pre-harvest data were
collected at the PEF in 2018, and Danforth and Dyer in 2019. To quantify forest structure and
composition, we established 36 permanent 0.08-ha circular fixed-radius sample plots, with
nested 0.008- and 0.0004-ha subplots, and three transects coupled to each plot (Figure 1.1.).
Overstory sampling intensity (i.e., percentage of the stand area included in the 0.08-ha plots)
averaged 18.5%.
The 0.08-ha plots were used to measure and record species name, diameter at breast
height (DBH), and condition of living and dead trees in the overstory (DBH ≥ 11.4 cm). On the
0.008-ha subplots, we measured historical stumps ≥ 12.7 cm in diameter; these were dead prior
to the establishment of the study. All stumps were assigned a decay class 1 through 5, and their
diameters, heights, and condition were recorded (Table A1.2.). Saplings (1.3 cm ≤ DBH < 11.4
cm) were tallied in 2.5-cm size classes in the 0.008-ha fixed-radius subplot, and their condition
and species name were recorded. Regeneration inventories were conducted on two 0.0004-ha
subplots (milplots) on Danforth and Dyer sites, and three on the PEF sites. In each milplot, the
species of each tree seedling ≥ 15.2 cm tall and < 1.3 cm DBH was recorded. Browse status (yes
or no) of each seedling ≥ 15.2 cm tall and < 1.3 cm DBH was recorded.
Coarse woody debris volume was assessed by the line-intersect method (Van Wagner,
1968), using three 30.5-m transects that radiated outward from plot center at 0°, 120°, and 240°
true north that were established at each 0.08-ha plot (Figure 1.1.). Data were collected for all
downed logs ≥ 10.2 cm that intersected the transects, which included decay class and the
diameter at the point where the log crossed the transect line (Van Wagner, 1968). Canopy
closure was recorded over the plot center using a spherical densiometer (Forestry Suppliers
Spherical Crown Densiometer, Convex Model A).
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To assess microtopography, three 15.2-m transects radiating from plot center at 0°, 120°,
and 240° true north were used. Microtopographic position was recorded on the transects starting
1.8 m from plot center, and then at 0.6-m intervals. The three microtopographic positions
identified for this study were pits (concave areas, also known as hollows), flats (areas level with
the ground, also known as lawns), and mounds (raised areas, also known as hummocks). To
assess seedling abundance on each microtopographic position, the microtopographic position in
each milplot was recorded for cedar and fir seedlings ≥ 15.2 cm tall and < 1.3 cm DBH.
1.3.2 Partial Harvesting Treatments and Post-Harvest Inventories
Following pre-harvest inventories, one stand at each site was partially harvested, while
three control stands at the Dyer site and one each at the PEF and Danforth sites remained
unharvested (Figure A1.1.). Irregular shelterwood treatments were applied, with a target removal
of 40% of stand BA ≥ 15.2 cm DBH. The treatment was meant to capture mortality, improve the
growth of the best cedar trees, and improve stand vigor and quality while opening the canopy for
cedar regeneration. Gaps were created in 5% to 10% of the stand area (0.15 to 0.20 ha) to release
advance regeneration of cedar, and 15% to 20% of the stand area was removed for machinery
trails. A mix of low and crown thinning removed 20% of stand BA ≥ 15.2 cm DBH in the matrix
(i.e., the portions of the stand not occupied by harvest gaps or trails). Cut-to-length harvesting
operations were conducted at PEF and Danforth using rubber-tired dangle-head processors and
forwarders. Whole-tree harvesting was conducted at Dyer using a tracked feller-buncher and
grapple skidder; trees were delimbed at the landing and slash returned to the woods. All
treatments occurred during the winter with snow cover, and took place at the PEF in 2019, Danforth
in 2020, and Dyer in 2021. In all stands, tree tops and branches were placed on trails to protect the
ground from machinery damage.
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To quantify stand conditions after the harvest, post-harvest forest inventory data were
collected the summer following each harvest on the permanent sample plots in the treated
stands. This occurred at PEF in 2019, Danforth in 2020, and Dyer in 2021. All measurements
made for the pre-harvest inventory were repeated, with the addition of measuring newly
recruited stumps in the 0.08-ha plots and CWD (including logging slash) on the 30.5-m
transects. The same systems of measurement for the pre-harvest inventories were used for the
newly recruited stumps and CWD.
1.3.3 Data Analysis and Statistics
To quantify species composition of the study stands, trees per hectare (TPH) calculations
were made for seedling, sapling, and overstory tree size classes. Primary focus was given to
cedar and fir for the calculations, with additional species grouped into an “other” category.
Seedling TPH was determined by averaging trees per hectare from the milplot to plot andstand
levels. Sapling and overstory TPH were determined by averaging trees per hectare from the plot
to the stand level. An interaction analysis of variance (ANOVA) was run to determine if TPH
varied significantly by species and size (Robinson et al., 2022). Separate ANOVAs were then
run on each of the size classes to identify significant differences (p < 0.05) between species
within each size class.
To assess the association of cedar and fir seedling abundance with microtopographic
position, the occurrence of pits, mounds, or flats on the plots was compared with the
microtopographic positions of cedar and fir seedlings. This was conducted using a chi-squared
test, and the standardized residuals generated at the plot level were averaged to the stand, site,
and then study level.
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To determine the regeneration microsite conditions associated with cedar and fir, two
different modeling approaches were used with six predictor variables: canopy closure,
proportion of microtopographic mounds and pits on the landscape, proportion of species
composition of cedar and fir in the overstory, and TPH of saplings in the understory. The first
approach used logistic regressions to investigate the presence (1) or absence (0) of cedar and fir
regeneration, and the second approach used Poisson regressions to predict seedling abundance.
Because regeneration observations were collected on the milplot level within plots at each of the
three sites, mixed-effects modeling was used to account for the random effects of sites and
plots. Models with all variables were pared by removing non-significant terms (p > 0.05) in a
manual stepwise fashion. A mixed-effects ANOVA was also run on the percentage of cedar and
fir seedlings that were browsed to determine whether seedling browsing frequency differed
between cedar and fir.
To determine the effects of partial harvesting on stand attributes and cedar and fir
regeneration, we tested pre- and post-harvest conditions of eight variables using linear mixed
effects models. The tested variables included TPH for cedar and fir regeneration, the proportion
of cedar and fir in the overstory, canopy closure, frequency of mounds, and CWD volume. For
CWD volume, decay classes were grouped into two categories: 1-3 (less decayed) and 4-5
(highly decayed) (Table A1.2.). Each model tested whether the change in that variable pre- to
post-harvest was significantly different from zero (intercept only model) using a random effect
for plot within stand. To account for multiple tests (one per variable), the p-value threshold for
significance was reduced to 0.00625 using the Bonferroni correction.
All statistics and figures were analyzed and produced using R version 4.2.0 (R Core
Team, 2022). Other packages used in data organization, visualization, and analysis were ‘dplyr’
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(Wickham et al., 2022), ‘doBy’ (Halekoh, 2022), ‘ggplot2’ (Wickham, 2016), ‘lme4’ (Bates et
al., 2015), ‘nlme’ (Pinheiro et al., 2022), ‘MASS’ (Venables & Ripley, 2002), lmerTest
(Kuznetsova et al., 2017), ‘ggpubr’ (Kassambara, 2020), ‘tidyverse’ (Wickham et al., 2019),
‘readxl’ (Wickham, Bryan, et al., 2022), ‘writexl’ (Ooms & McNamara, 2021), ‘RColorBrewer’
(Neuwirth, 2022), and ‘broom’ (Robinson et al., 2022).
1.4 Results
1.4.1 Pre-harvest Condition

Figure 1.2. Mean density trees per hectare (TPH) by species of seedlings (≥ 15.2 cm tall and <
1.3 cm DBH), saplings (1.3 cm ≤ DBH < 11.4 cm), and trees (DBH ≥ 11.4 cm) across measured
lowland cedar stands. Error bars represent one standard error, and letters represent significant
differences among species within each size class.
Pre-harvest stands were dominated by cedar in the overstory, but not in the understory
(Figure 1.2.). In the seedling layer, density of cedar and fir did not significantly differ (p =
0.219), but there were significantly more fir than other species (p = 0.044). Fir dominated the
sapling layer and was significantly more abundant than cedar (p < 0.001) and other species (p <
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0.001). Cedar dominated the tree layer and was significantly more abundant than fir (p < 0.001)
and other species (p < 0.001).
Other tree species, which included in order of abundance across all stands, spruce (Picea
spp.), red maple (Acer rubrum), tamarack (Larix laricina), paper birch (Betula papyrifera),
eastern white-pine (Pinus strobus), yellow birch (Betula alleghaniensis), eastern hemlock
(Tsuga canadensis), black ash (Fraxinus nigra), white ash (Fraxinus americana), and quaking
aspen (Populus tremuloides), were minor components of the stands across all size classes (Table
A1.1.).
1.4.2 Seedling Abundance Associations
Overall, for both species we found that seedlings were more common than expected by
chance on higher microtopographic positions such as mounds and less common on lower
microtopographic positions such as pits. The chi-square tests revealed significant positive and
negative relationships between microtopographic position (pit, flat, or mound) and abundance
of cedar and fir seedlings in the three study sites (Table A1.3.). Fir seedling abundance was
more strongly associated with microtopographic mounds than cedar seedling abundance (Figure
1.3.). In 2 of the 3 sites, fir was found more frequently on mounds than would be expected by
chance (Figure 1.3.). Fir seedling abundance was negatively associated with pits on one site,
and positively and negatively associated with flats on one and two sites respectively. In contrast,
cedar was found more frequently on mounds than would be expected by chance in 1 of 3 sites
(Figure 1.3.). Cedar seedling abundance was negatively associated with pits, and was both
negatively and positively associated with flats (Table A1.3.).
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Figure 1.3. Heat map displaying positive and negative relationships between microtopographic
position (mound, flat, or pit) and abundance of fir (A) and cedar (B) seedlings at each of the
three study sites. Standard residual reveals if there is a positive or negative relationship between
microtopographic position and seedling abundance. Green indicates a positive relationship with
seedling abundance, and orange indicates negative. If a square is white, it indicates that seedling
abundance was found as often as expected by chance on a microtopographic position. The darker
the color, the more strongly (green) or negatively (orange) seedling abundance was associated
with the microtopographic position. Chi-square tests reveal significant (p < 0.05) positive and
negative relationships between microtopographic position and seedling abundance. Significant pvalues are indicated by a * in the right-hand corner of each box.
1.4.3 Seedling Abundance Predictors
None of the predictor variables (canopy closure, proportion of microtopographic
mounds and pits on the landscape, the proportion of cedar and fir in the overstory, TPH of
saplings in the understory, or plot BA) were significantly related to presence of cedar seedlings
(p > 0.05). Proportion of pits on the landscape was significantly positively related to presence of
fir seedlings (slope = 6.94, p = 0.038). Despite the large variation in seedling densities across
milplots, the Poisson models of total counts of cedar and fir regeneration did yield some
significant relationships with predictor variables. Fir regeneration density was found to increase
with increasing proportion of microtopographic pits on the landscape (slope = 2.98, p < 0.001)
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(Figure 1.4A.), increasing cedar composition in the overstory (slope = 3.11, p < 0.001) (Figure
1.4B.), and increasing canopy closure (slope = 2.92, p = 0.006) (Figure 1.4C.). Cedar
regeneration density was found to increase only with increasing cedar composition in the
overstory (slope = 4.40, p < 0.001) (Figure 1.4D.).

Figure 1.4. Significant predictor variables compared to the response variable of fir (green
triangles) and cedar (orange circles) seedling abundance. Fir seedling abundance was compared
to the proportion of pits on a landscape (A), the proportion of overstory cedar (B), and the
proportion of canopy closure (C). Cedar seedling abundance was compared to proportion of
overstory cedar (D). Each datapoint is representative of a milplot.
1.4.4 Browse on Cedar and Fir
Among the inventoried seedings that were assessed for browse, 13.9% ± 6.6% of cedar
and 38.0% ± 14.3% of fir were browsed. We did not find a significant difference in the mean
percentage of individuals browsed between the two species (p = 0.200) (Table A1.4.).
13

1.4.5 Effects of Partial Harvesting
We found that the harvest reduced canopy closure from 87.8% to 70.1%. Although the
harvest opened the canopy by 17.8% (± 3.5, p < 0.006), the harvesting operations had minimal
impact on advance regeneration and existing microsite conditions (Table 1.1.). The harvest had
no significant effect on cedar (p = 0.629) or fir regeneration density (p = 0.107), percent cedar
(p = 0.897) and fir (p = 0.910) in the overstory, percent mounds on the landscape (p = 0.930), or
coarse woody debris in decay class 1 through 3 (p = 0.009) or decay classes 4 through 5 (p =
0.797).
Table 1.1. Average change in eight pre- vs. post-harvest variables with one standard error. The
difference pre- to post-harvest was calculated at the plot level and averaged to the stand level.
Variables with p-values < 0.006 (Bonferroni adjustment) were significantly changed by the
harvest, and subtraction and addition signs indicate if those variables were reduced or increased
due to the harvest. Bolded p-values represent variables that differ significantly from pre- to postharvest.

1.5 Discussion
The species composition of the study sites before the harvest was dominated by cedar in
the overstory, by fir in the sapling layer, and by both cedar and fir in the seedling layer (Figure
1.2.). Though the density of cedar and fir seedlings did not differ significantly, density of fir
saplings was significantly greater than that of cedar. This suggests that there is a recruitment
bottleneck between the cedar seedling and sapling class that does not impact fir. Additionally, in
the understory, fir seedlings were found less often than expected by chance in microtopographic
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pits and more often than expected on mounds, especially in comparison to cedar seedling
abundance (Figure 1.3.). This suggests that fir may be outcompeting cedar, or other selective
processes are discriminating against cedar, in suitable microsites. Finally, except for decreasing
the canopy closure of the stands, the harvesting operations had no significant impact on cedar or
fir advance regeneration and existing microsite conditions such as percent cedar and fir in the
overstory, percent mounds on the landscape, and amount of coarse woody debris (Table 1.1.).
This suggests that harvest operations may not be detrimental to regeneration in these lowland
stands.
1.5.1 Pre-harvest Stand Characteristics
The co-dominance of both cedar and fir in the seedling layer contrasts with the findings
from Allogio et al. (2021) who found that cedar dominated the seedling layer of similar stands
(though their results from the PEF do align with ours). Cedar seedlings have been observed to
grow well in open canopy conditions with an average soil moisture around 25%, and in areas
where there are low levels of competition and high abundance of CWD forming mounds for
regeneration and recruitment (Allogio et al., 2021; Larouche et al., 2011; Ziegra et al., 2022).
The lack of cedar dominance in the seedling layer suggests that one or more of these conditions
are not met at the study sites, and the conditions are instead creating more suitable regeneration
and recruitment microsites for fir. In accordance with similar studies in the region, most cedar
regeneration is not being recruited to the sapling layer. Instead, fir is dominating the sapling
layer, suggesting the occurrence of a recruitment bottleneck due to competition or other selective
processes that discriminate against cedar (Cornett et al., 2000; Larouche et al., 2010; Larouche &
Ruel, 2015a).
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1.5.2 Seedling Abundance Associations and Predictors
Our results suggest that microtopographic position is important for fir regeneration in
lowland cedar stands. These results are consistent with the other reports that suggest that
seedlings preferentially grow on mounds in seasonally flooded soils (Figure 1.3.) (Kangas et al.,
2016). Mounds, therefore, can be extremely valuable for seedling survival in landscapes like
lowland cedar swamps because they are significantly less saturated than flats and pits, and the
relatively drier conditions result in less root rot damage and higher seedling survival (Allogio et
al., 2021; Ziegra et al., 2022). Therefore, the strong association of fir with mounds in this study
may reflect stronger selective pressures against pits and flats due to the relatively predictable
annual flooding cycle (Chimner & Hart, 1996b; Curtis, 1946).
Surprisingly, fir seedling abundance had greater association with mounds than did cedar
seedling abundance; cedar was only found to be positively associated with mounds at the PEF
(Figure 1.3.). In contrast to our results, many studies have found a strong association of cedar
with mounds (Allogio et al., 2021; Chimner & Hart, 1996b; Reuling et al., 2019). One
explanation for low levels of cedar regeneration on mounds could be that fir regeneration is
dominating the mounds on the study sites and is outcompeting the cedar seedlings. Early results
of a related experiment at these study sites suggest greater first-year survival of both planted fir
and planted cedar on mounds compared to other microtopographic positions (Ziegra et al., 2022).
Other studies have suggested that cedar regeneration require at least 70% of the landscape to be
composed of mounds to avoid intraspecific competition (Chimner & Hart, 1996b). However, in
our study, the landscape of the one site in which cedar was positively associated with mounds
consisted of 34.6% mounds, suggesting that microsite requirements for abundant cedar
regeneration are driven by other factors in addition to microtopography.
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Another possible explanation for a lack of cedar regeneration dominance could be that
there is not enough coarse woody debris in higher decay classes to support cedar. Cedar
seedlings are known to be more successful on CWD in higher decay classes, as they are effective
in retaining fallen seeds and provide suitable seedbed conditions (Cornett et al., 1997; Johnson &
Fryer, 1992). Decayed logs have been reported to support higher amounts of cedar seedling
germination than other substrates (Cornett et al., 1997; Kenefic et al., 2019). In contrast, fir in
both unharvested and harvested stands has been found more often on the forest floor than on
wood (Weaver et al., 2009). This is likely because fir seeds are larger and thus are not able to be
trapped by the small crevices on the wood, preventing them from regenerating on those sites
(Cornett et al., 1997). Across all pre-harvest and control sites, CWD in decay classes 4 and 5
averaged 30.4 ± 10.1 m3·ha−1, which is comparable to other partially harvested stands (Wesely et
al., 2018). However, old-growth stands, which are known for containing large volumes of CWD
in higher decay classes, have been reported to contain an average of 60.6 ± 40.5 m3·ha−1 CWD in
size classes 4 and 5 (Wesely et al., 2018). Therefore, cedar regeneration may be limited on these
sites by moderate levels of CWD in decay classes 4 and 5.
Our results suggest that cedar seedling abundance increases with increasing cedar
composition in the overstory (Figure 1.4D.), likely due to adult cedar trees in the overstory
increasing regeneration through seed rain and layering (Reuling et al., 2019). In addition, fir
seedling abundance was found to increase with increasing cedar composition in the overstory
(Figure 1.4B.). As fir is a shade-tolerant species and was also found to increase with increasing
canopy closure (Figure 1.4C.), it is possible that fir did well in cedar-dominated areas because
cedar in the overstory excluded other mid-story competitors for fir. Additionally, fir seedling
abundance was positively related to an increasing proportion of pits on the landscape (Figure
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1.4A.). This relationship does not necessarily indicate that fir seedlings were regenerating in pits
(Figure 1.3.), but may reflect other influential variables that were not directly measured, such as
moisture availability or competition from non-tree species. Additional investigation into this
phenomenon may be warranted. Also, although there was limited cedar regeneration within the
milplots, there were areas within the study sites that contained prolific cedar regeneration; these
areas were identified during timber marking and served as the basis for harvest gap layout (data
not shown). Future studies may focus on targeting areas for study with cedar regeneration in
addition to random plot locations to quantify stand conditions. This approach may better assess
the relationship between cedar and microsite conditions in lowland stands.
Surprisingly, we did not find significant differences in frequency of browsing between
cedar and fir. Numerous studies have documented selective browsing of cedar (Cornett et al.,
2000; Larouche et al., 2010). In fact, previous work on the PEF reported that 24.5% percent of
cedar seedlings and 4.6% of fir were browsed (Berven, 2011). The reason for the difference in
findings in the present study is not apparent, but could be related to changes in species or number
of wildlife present at the study sites, availability of alternate browse, or difficulties quantifying
effects of browsing if seedlings have been entirely consumed (Reuling et al., 2019). Further
analysis of not only frequency but severity of browsing (how much of each seedling is browsed),
species of browser (deer, moose, or hare), and the relationships if any between seedling height
and browsing may shed additional light on the reasons for and implications of our findings. Until
then, there is insufficient evidence to conclude that selective browsing is limiting cedar
regeneration in the study sites.
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1.5.3 Impact of the Harvest on Stand Conditions
We found that harvesting operations did not change the proportion of mounds or CWD in
decay classes 4 and 5, which suggests minimal damage to microsites from the harvest (Table
1.1.). Partial harvesting often has little impact on the density of the understory and overstory, and
does not create uniform growing conditions (Larouche & Ruel, 2015b). In accordance with other
partial harvesting studies, we found that the harvest did not significantly reduce cedar advance
regeneration (Table 1.1.) (Larouche & Ruel, 2015a). Longer-term studies will help determine if
those surviving cedar seedlings can outcompete the fir seedlings that also survived the harvest
operation. Overall, the decrease in canopy closure suggests that the harvest operations created a
more heterogenous stand. Gaps and skid trails experienced the largest changes in stand structure
and/or regeneration substrate whereas the matrix (partially harvested areas) in the same stand
experienced very minor changes (personal observation). This heterogeneity may be one reason
why we did not observe significant changes when averaged to the stand level in some of the
studied variables above. For example, we found that one plot in a lightly harvested area in the
matrix experienced an increase in CWD for decay class 1 through 3 of 49.0 m3 ha-1, whereas
another plot in the same stand that intersected a skid trail experienced a reduction of 2.5 m3 ha-1.
This might have occurred because deadwood present in the plot before the harvest was moved or
crushed by the harvesting equipment. An additional study that experimentally manipulates gap
and non-gap microsite conditions may help to determine how these smaller-scale factors
influence the response of the entire stand.
1.5.4 Management Recommendations and Conclusions
This study provides important information about the conditions that are suitable for
regeneration and recruitment of cedar and fir in lowland cedar stands. The study sites that had a
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relatively small amount of cedar regeneration may be limited by available regeneration
microsites and competition from fir. Therefore, our findings support the use of management
practices that protect existing mounds, promote mound formation, and increase the volume of
CWD, such as leaving slash generated from the harvest on the site (Allogio et al., 2021). It is
recommended that existing mounds be preserved by using the minimum number of skid trails,
and that harvest operations be conducted in the winter after the ground has frozen and been
protected by snow. The retention of CWD can increase microtopographic variability, and as
wood progresses into higher decay classes it retains levels of moisture and temperature that are
suitable for cedar regeneration (Cornett et al., 1997).
This study has provided insight into the low levels of cedar recruitment and regeneration
across lowland stands in Maine. Cedar may be competing with fir for available regeneration
microsites; fir likely has an advantage due to more prolific seed production and faster early
growth rates (Frank, 1990). As cedar has a greater association with decayed woody material for
regeneration than fir, it is recommended that future management be aimed toward creating these
microsites by leaving downed logs and CWD on the site at the time of harvest.
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CHAPTER 2: EFFECTS OF DROUGHT AND FLOOD STRESS ON THE
SURVIVAL, GROWTH, AND PHYSIOLOGY OF NORTHERN WHITE-CEDAR
(THUJA OCCIDENTALIS) AND BALSAM FIR (ABIES BALSAMEA)
2.1 Abstract
In addition to warming temperatures, climate change is expected to lead to an increase in
extreme drought and flood events. These changes are projected to decrease suitable habitat
conditions for northern white-cedar (Thuja occidentalis) and one of its primary competitors,
balsam fir (Abies balsamea). Despite these projections, we lack an understanding of how these
species respond to varying lengths and severity of drought and flood stress, as well as the
physiological characteristics that will determine their stress resistance. Therefore, in this study,
we measured how experimentally imposed droughts and floods of different lengths reduced the
survival, growth, and physiology of 144 containerized cedar and fir saplings. We measured
tolerance characteristics including minimum stomatal conductance, the point of turgor loss, and
water potential at low soil moisture, and tracked survival and growth of the saplings over the
course of the treatments and the following year. We found that although the drought impacted
cedar more quickly than fir, maximum midday water potentials suggest that cedar appear to be
more resistant and resilient to drought than fir. In contrast to the drought treatments, the flood
treatments caused rapid declines in healthy foliage for both species that were observable in less
than 2 weeks. However, cedar again appeared to be resilient and was able to recover from floods
more readily than fir. Although both species were negatively impacted by the drought and flood
treatments, overall cedar were found to be more resilient to environmental stressors than fir.
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2.2 Introduction
Northern white-cedar (Thuja occidentalis, hereafter cedar) is a commercial tree species in
the United States and Canada that is experiencing low rates of regeneration and recruitment in
lowland stands across its southeastern range (Cornett et al., 2000; Johnston, 1990). Lowland
stands are characterized by a highly variable moisture regime that consists of seasonal flooding
and poorly-drained mineral and organic soil (Thompson & Sorenson, 2000). One important
characteristic of these lowland stands that allows for cedar regeneration and survival is diverse
microtopography, or the topographic variability of the soil surface (Chimner & Hart, 1996a;
Curtis, 1946). Cedar regeneration is highest in localized raised areas known as ‘mounds’, which
are often composed of decayed logs and stumps that simultaneously reduce seasonal mortality
from flooding, reduce competition from understory vegetation, and may retain moisture through
periods of drought (Chimner & Hart, 1996a; Cornett et al., 2000). However, as of 2015, average
temperatures across the state of Maine have risen 1.7° C above historical levels, and are expected
increase another 1.1° - 1.7° C by 2050 (Fernandez et al., 2015; Solomon et al., 2007). Although
the hydrologic conditions of lowland systems are predicted to have a ‘thermal buffering’ effect
on climate-growth responses, they may still be vulnerable to periods of increased drought or
flooding due to widespread increases in aridity and variability in the timing and extent of
precipitation (Fernandez et al., 2015; Kaandorp et al., 2019).
Indeed, climate projections suggest that suitable habitat conditions for cedar and one of
cedar’s primary competitors, balsam fir (Abies balsamea, hereafter fir), will decline in the
northeastern US (Janowiak et al., 2018). Canopy suppression by fir has been suggested as a
major factor limiting cedar regeneration and recruitment rates, as fir has a considerably faster
growth rate response to canopy disturbances compared to cedar (Hofmeyer et al., 2010; Moores
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et al., 2007). However, climate change has the potential to alter the competitive dynamics of the
two species. Despite the projections, little is known about how the two species will react to
increasingly variable moisture regimes in terms of their survival, growth, and physiology.
Despite the importance of predicting mortality from drought, relatively few studies are
designed to identify mortality thresholds (Hammond et al., 2019; Hartmann et al., 2018), and
even when provided with thresholds, mortality can still be difficult to predict (Trugman et al.,
2021). Although drought limits a tree’s ability to sequester carbon, an early drought responses of
trees is to close their stomata (the pores in leaves for gas exchange), which helps to combat water
loss and prevent the formation and spread of xylem embolisms (Brodersen et al., 2019). After
stomatal closure, a tree’s survival during drought may partly depend on its minimum epidermal
conductance (gmin), or how tightly a tree can close stomata to prevent further water loss
(Duursma et al., 2019). As the drought progresses and water loss continues, xylem water
potential (Ψx), or the pressure in the xylem sap, will continue to decrease and eventually drive
turgor loss in the leaves and the potential for embolism formation and spread in the xylem
(Bartlett et al., 2012; Hammond et al., 2019; Tyree & Sperry, 1989). Despite the adaptations
trees have to resist drought, extreme drought can result in desiccation, carbon starvation, and in
extreme cases, mortality (Adams et al., 2017; McDowell et al., 2008; Rehschuh et al., 2020).
There is limited research on the drought resistance of cedar and fir, but prior research
suggests that cedar may employ a more conservative life history strategy that favors persistence
in resource-patchy environments and extreme climate conditions, whereas fir may be more
competitive but only when climate conditions are favorable (Bartlett & Larson, 1990;
D’Orangeville et al., 2013; Kelly et al., 1992; Olesinski et al., 2011; Rossi et al., 2009). For
example, in a recent study cedar radial growth was found to be sensitive to moderate drought, but
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was able to compensate for this reduction with plasticity in growth phenology (van Kampen et
al., 2022). Additionally, cedar seedlings grown in a low moisture and low light environment that
mimicked the hostile cliff-edge habitat of the Niagara Escarpment had a significantly higher
survival rate than its Acer saccharum competitor, due to cedar’s lower net productivity and
slower total biomass accumulation (Bartlett & Larson, 1990). Cedar seedling survival during
drought may also be attributed to its radially sectored hydraulic pathways, which allows cambial
mortality occurring from limited nutrients and water to be isolated to portions of the cedar stem
(Kelly et al., 1992; Larson et al., 1994). This allows portions of the cedar crown to survive while
others die (Larson et al., 1994). Collectively, these studies suggest that cedar may be both
resistant and resilient to the negative effects of drought.
In contrast, fir may be more sensitive to drought conditions. Fir tree growth responds
positively to summer precipitation in both upland and lowland sites (but more so in the upland
sites), suggesting that even in lowland mesic sites, fir growth is limited by water availability to
some extent (Raney et al., 2016). Under simulated drought conditions, fir xylem cell production
was negatively affected by Ψx reductions (D’Orangeville et al., 2013). Additionally, during and
after a short 20-day long drought experiment, xylem cell production and size were highly
sensitive, although fir seedlings rapidly recovered once relieved (Rossi et al., 2009).
Additionally, although fine root biomass of fir seedlings was significantly reduced during a
drought treatment, shoot growth was able to successfully recover by the following year
(Olesinski et al., 2011; Rossi et al., 2009). However, there have been no studies that explicitly
test if the increased likelihood of drought occurrence may favor cedar over fir in places where
they compete. Therefore, it is critical that we improve our understanding of the drought-resistant
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characteristics of these two competing species to better understand how climate change may
impact their survival and growth.
Climate change is also expected to lead to an increased frequency of flooding in lowland
stands. During a flood, physiological stress is caused in trees as soil properties change and
become anerobic (Justin & Armstrong, 1987; Teskey et al., 1977). Roots may begin to rot if they
cannot absorb oxygen, which can result in abrupt growth reduction or mortality (Hinesley et al.,
2000). However, the severity of the physiological stress depends on the flood duration, flood
characteristics, and the resistance level of the trees (Denneler et al., 2008). While cedar are
susceptible to root rot, their radially sectored hydraulic pathways typically connect one section of
roots to only one section of shoot. This organization can allow for root loss to only cause partial
shoot dieback when exposed to flood conditions (Larson et al., 1994) and may be an adaptation
to the extremely heterogenous soil moisture conditions in the pit-and-mound topography of cedar
stands (Allogio et al., 2021). On the other hand, fir is known to be particularly susceptible to root
rot in poorly drained soils, which can induce chlorosis, wilting, branch flagging, and in extreme
cases, mortality (Chastagner & Riley, 2003). Preliminary studies have suggested that fir is more
resistant to root rot than other types of firs, although they still experience wilting in response to
flooding treatments (Benson et al., 1998). Furthermore, with projections for increased variability
in precipitation, root mortality from temporary flooding can later drive drought effects in the
shoot system because of a diminished capacity of roots to supply water. We, therefore, have
relatively little understanding of how flooding may differentially affect the survival, growth, and
physiology of these two competing tree species.
Our goal in this study was to improve our understanding of how extreme drought and
flood events will affect cedar and fir survival, growth, and physiology. Our objectives were to 1)
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determine the length and severity of drought and flood stress that leads to mortality of each
species and 2) quantify the physiological characteristics of each species that may lead to drought
and flood resistance. Overall, this research will help improve our understanding of how the
competitive dynamics of cedar and fir trees will change in response to increasingly variable
moisture regimes driven by climate change.
2.3 Methods
2.3.1 Experimental Design and Measurement Schedule
In order to determine how droughts and floods of different lengths impact the survival
and growth of cedar and fir, we conducted a controlled experiment in a 6 × 11 m high-tunnel
greenhouse on the University of Maine campus in Orono, Maine starting in May 2021. The
greenhouse is covered with a polyvinyl sheet with the 1.2-m tall sidewalls left open (van
Kampen et al., 2022). This structure allows us to control water to all the plants and facilitates air
circulation. A deer exclosure surrounded the greenhouse to prevent herbivory. Additionally, two
Hygrochron model DS1923 iButtons (Maxim Integrated, San Jose, California) were installed
inside and two outside the greenhouse to log changes in temperature and vapor pressure deficit
(VPD) every hour throughout the growing season. At each location, two iButtons were placed in
an inverted white-plastic cup as a radiation shield with holes for ventilation and were mounted to
wooden poles that raised them 1.2 meters off the ground. On average, in June, July, and August
of 2021 the daily maximum temperature inside the greenhouse was 1.5° C warmer than the
outside of the greenhouse. Average daily maximum temperatures in the greenhouse for the
months of June, July, and August were 32.2° C, 28.8° C, and 32.9° C, respectively. On average,
the daily maximum vapor pressure deficit (VPD) inside the greenhouse was 0.39 kPa greater
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than outside of the greenhouse, and the average daily maximum VPD for the months of June,
July, and August were 3.2 kPa, 2.2 kPa, and 2.9 kPa, respectively.
A total of 205 3- to 4-year-old cedar and fir saplings (Cold Stream Farm, Free Soil, MI
and Red Rock Farm, Chelsea, VT) were planted in a nursery potting mix consisting of fine aged
pine bark and sphagnum peat (Jolly Gardener, Poland Spring, ME) supplemented with 1/3 coarse
perlite to facilitate drainage and limit water holding capacity. At the time of planting, the cedar
saplings were 78.8 ± 0.8 cm tall on average, and the fir saplings were 36.1 ± 1.1 cm tall on
average (Figure A2.1.). To avoid nutrient limitations for saplings, a medium application rate of
Osmocote 18-6-12 fertilizer was incorporated into the mix (van Kampen et al., 2022). The
saplings were planted in individual 7.5-liter containers with drainage holes in the bottom. They
were routinely watered for a month after transplant (three liters of water three times per week) to
allow them to acclimate until treatments were initiated on July 5th, 2021. Weeds were removed
weekly by cutting at the soil surface to not disturb the sapling root systems.
To determine the lethal drought and flood threshold for each species, drought and flood
treatments were all initiated on July 5th, 2021. For the experimental design, 144 of the saplings
were arranged into four experimental blocks with 36 saplings each (Figure 2.1.). Each
experimental block consisted of two columns with 18 rows. Each row consisted of a pair of cedar
and fir saplings randomly assigned to one of eight drought lengths (8-66 days), eight flood
lengths (8-53 days), or one of two replicates of well-irrigated controls. Droughts were initiated
by removing irrigation lines from individual containers, and floods were initiated by placing the
sapling containers in 7.5-liter containers that were full of water (Figure A2.2.). Water was
changed in the flooded containers weekly. The remaining extra saplings were well irrigated all
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summer and occasionally used for destructive sampling (more details below). Two firs died
before the experiment, and they were replaced with extra saplings.

Figure 2.1. Experimental design figure displaying the four blocks and dimensions of the
experimental greenhouse (far left), the randomization of the species and treatments in one of the
blocks (middle), and the length of the drought, flood, and control irrigation treatments.
At the start of the treatment period, measurements of height and diameter, chlorophyll
content, and vigor were measured on all saplings, and chlorophyll fluorescence (35
measurements) and volumetric soil moisture (25 measurements) were measured on a subset of
randomly selected across the two species and four blocks (measurement details below). During
the duration of the treatments, eight ‘sampling events’ occurred each time a paired drought and
flood treatment length were ended (Figure 2.1.). During each sampling event, all saplings that
were having their treatments ended (plus a randomly selected pair of cedar and fir control
saplings in each block) were measured for soil moisture, midday water potential (ΨMD), height
and diameter, chlorophyll content, chlorophyll fluorescence, and a vigor assessment
(measurement details below) right before the treatments were ended. Fir in the drought treatment
were slow to dry down, therefore we extended the longest drought treatment for the fir by an
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additional 13 days. At the end of the growing season, 36 days after the final treatment had ended,
all measurements except for ΨMD were repeated on all the saplings.
2.3.2 Quantifying Survival and Growth
Vigor assessments were conducted at the start and end of the 2021 growing season,
during each sampling event, and on May 15th, 2022 at the start of the following growing season
(Striker, 2012) (Figure 2.1.). Vigor was visually estimated as the percentage of brown foliage in
5% increments. On November 3rd, 2021 all saplings were moved outside of the greenhouse for
overwintering. Saplings in each experimental block were placed close together and the space
between containers was packed with straw to insulate roots and prevent freezing damage (van
Kampen et al., 2022).
To determine how growth was impacted by the treatments we measured height and stem
diameter of each sapling at the start (July 7th) and end (October 15th) of the 2021 growing season,
and during each sampling event. Height measurements were taken from the soil surface along the
longest shoot, and two perpendicular diameter measurements were taken at 2 cm above the soil
surface.
2.3.3 Physiological Measurements
Chlorophyll content relates to sapling vigor and is expected to decline with increasing
environmental stress (Palta, 1990). During each sampling event, measurements of chlorophyll
content were conducted on each sapling with the CCM-300 (Opti-Sciences Inc, Hudson, NH).
Two leaves were selected for chlorophyll content measurements on the top, middle, and bottom
portions, for a total of six measurements per sapling. Chlorophyll fluorescence quantifies the
photochemical efficiency of photosystem II (PSII) and is a good predictor of maximum
photosynthetic capacity (Krause & Weis, 1984). Therefore, during each sampling event we also
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conducted measurements of chlorophyll florescence on each sapling with a chlorophyll
fluorescence meter (FluorPen FP 110, Photon Systems Instruments, Brno, Czech Republic).
During each sampling event, a leaf from the bottom and top portion of the sapling were selected
to be dark adapted for at least 20 minutes with Fluorpen leaf clips before the measurement
occurred.
Soil moisture was measured with a soil moisture meter (HydroSense II, Campbell
Scientific, Logan, Utah) on a subset of saplings before the treatment period, during each
sampling event, and on all the saplings at the end of the growing season. For each sapling we
conducted two measurements by inserting the 12 cm tines vertically into the container. Soil
moisture measurements were paired with ΨMD measurements to help determine lethal hydraulic
thresholds (Hammond et al., 2019). ΨMD was measured by cutting two current-year shoots (10 –
20 cm long) from both species in each treatment and one control per block. Therefore, during
each sampling event we measured a total of 48 ΨMD: two measurements were taken from every
individual that was sampled, and four drought-treated, four flood-treated, and four control
saplings were sampled for each species. Current-year shoots were enclosed in a foil-lined plastic
bag and stored in a cooler during transport to the lab for measurement. The shoots were
measured with a Scholander pressure chamber (Model 1000; PMS Instruments, Albany,
Oregon).
On day 16 of the treatments (July 22nd, 2021), we measured whole plant
evapotranspiration rates of both well-irrigated controls and droughted-treated cedar and fir.
Flood-treated cedar and fir were not assessed. One control and two drought treatments for each
species were randomly selected from each block. Measurements were conducted on a clear,
sunny day. The whole container including the sapling was weighed in the morning (8:25) and
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evening (20:25) using a battery-powered scale to the nearest 0.001 kg (Catapult 1000, Ohaus,
Parsippany, NJ). Evapotranspiration was reported as a percent change in weight for each sapling
as the change in weight over the course of the day divided by the evening weight.
To estimate how tightly each species could close its stomata during drought, we
harvested shoots from four drought-treated saplings and six control saplings per species for gmin
measurements (n = 20 shoots total). Flood-treated cedar and fir were not assessed. Current-year
cedar and fir shoots (10 – 20 cm long) were randomly selected to be harvested from the 20
saplings at 9:00 AM on August 19th, 2021 (day 52 of the drought for the drought-treated plants).
Harvested shoots were placed in a black plastic bag containing a moist paper towel and
transported to the lab to be rehydrated overnight. The following morning, the base of the shoots
were recut with a razor blade, sealed with petroleum jelly, and suspended from a line in a closed
cardboard box with fans circulating air to limit boundary layer conductance (Sack & Scoffoni,
2010). Leaf area was determined at the end of the measurements with a digital scanner. For 1.5
hours we quantified leaf mass (PRACTUM224-1S, Sartorius AG, Göttingen, Germany) and
temperature and relative humidity in the box (HOBO MX1101 Data Logger, Bourne, MA) every
15 to 20 minutes for each sample. Mean gmin was calculated following Sack & Scoffoni, 2010.
To determine the turgor loss point (TLP) of cedar and fir, we conducted leaf pressurevolume (PV) curves on the extra saplings from August 12th to August 14th, 2021 (Sack et al.,
2010). PV parameters were determined by air-drying leaves of both species on the lab bench. For
this method, six shoots (25 – 40 cm long) from each species were harvested at 17:00 on August
11th, and their stems were recut underwater and placed in test tubes filled with water to rehydrate
overnight. The next morning, one smaller 10 – 20 cm shoot was cut off each larger shoot and
was placed in a Whirl-Pak bag, where its water potential (Ψshoot) and weight were measured with
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the pressure chamber. Shoots were then removed from their plastic bags, placed on the bench
near circulating fans to dry them further (10 – 120 minutes). They were then placed back into the
Whirl-Pak bags and left to equilibrate for at least 10 minutes before remeasurement of Ψshoot and
mass. This entire process was repeated to capture Ψshoot increments of 0.2 – 0.3 MPa and until 4
or 5 data points after apparent TLP was reached (Sack et al., 2010). TLP was estimated from
these data by plotting the inverse of Ψshoot against xylem relative water content (RWC) and
determining the point of transition between linear and nonlinear portions of the pressure-volume
relationship (Sack et al., 2010).
To quantify the potential declines in xylem hydraulic conductivity and water storage
associated with drought stress, we tested if xylem RWC declined predictably with Ψx in a bench
dry-down experiment (Barrs & Weatherley, 1962; Pieczynski et al., 2013). RWC is a rapid
measurement of water status and for some conifers is an approximation of the percentage of
embolized xylem tracheids (Rosner et al., 2019). RWC measurements were conducted on a
randomly selected subset of extra saplings from August 19th to August 20th, 2021. Three
branches over 20 cm long with current and second-year growth were harvested from seven extra
individual well-irrigated cedar and fir saplings and placed in a floral water tube for transport to
the lab. Ends were recut under water and left to rehydrate in floral water tubes overnight. The
next morning, the ends of two randomly selected branches for each species were recut and sealed
with Vaseline, equilibrated in plastic bags before measuring Ψx (as above). To estimate xylem
RWC, we cut a 2 cm long section from the middle of stem, removed the bark with a razor blade
and immediately measured the mass of the sample. The rest of the shoots were laid out on the
bench and left to dry in 12-hour intervals. After each 12-hour interval, two samples from each
species were weighed and had their Ψx measured. After each measurement, xylem samples were
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vacuum infiltrated with distilled water for 24 hours and reweighed to obtain saturated mass.
RWC was calculated relative to the saturated mass of each xylem sample (Barrs & Weatherley,
1962; Pieczynski et al., 2013).
2.3.4 Statistical Analysis
One fir that had 30% or more brown foliage before treatment initiation was removed
from the analysis, as the reason for its mortality was likely related to transplant shock rather than
its treatment. To assess how the drought and flood treatments impacted the percent brown foliage
of the cedar and fir saplings at the end of their treatment periods and the following year we used
binomial regression models to test how the percent of brown foliage changed with the length of
treatment and if this effect differed by species (testing for interaction). Additionally, the
difference between end of treatment brown foliage and the brown foliage on the saplings the
following year was calculated to assess if there were significant delayed mortality effects
between time periods.
For both evapotranspiration and gmin, an analysis of variance (ANOVA) was run (p =
0.05) with an interaction effect of species and treatment. If the interaction was significant, a
Tukey’s HSD Test was conducted. If the interaction was not significant, the interaction was
removed and only main effects were assessed.
To determine the lethal point of drought stress for both cedar and fir, we tested if ΨMD
predicted percent brown foliage with negative exponential models. We conducted this analysis
on percent brown foliage data from the end of the growing season as well as the following year
in May of 2022 to capture delayed mortality effects. To determine if xylem RWC declined with
Ψx for cedar and fir in the bench-top dry down experiment we built linear models that tested for
species interactions (as above). Finally, to determine if there were significant changes in height
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and diameter for treated cedar and fir, we calculated the relative height and diameter of each
individual sapling by subtracting the initial height and diameter measurements from the start of
the treatment period (July 7th, 2021) from the final height and diameter measurements measured
at the end of the 2021 growing season (October 15th). We then expressed the subtracted height as
a proportion of the of the initial height and diameter. We then built linear models testing if
relative height and diameter change at the end of the growing season was related to treatment
length. All statistics and figures were analyzed and produced using R version 4.2.0 (R Core
Team, 2022). Other packages used in data organization, visualization, and analysis were: ‘dplyr’
(Wickham, François, et al., 2022), ‘doBy’ (Halekoh, 2022), ‘ggplot2’ (Wickham, 2016), and
‘broom’ (Robinson et al., 2022).
2.4 Results
2.4.1 Mortality and growth responses to drought and flood
Overall, we found that soil moisture declined more quickly for cedar than fir in the
drought treatments. During the first sampling event on treatment day 8, we found soil moisture
declined to 1.9 ± 0.3% for drought-treated cedar, whereas fir had only declined to 10.5 ± 1.8%
(Figure 2.2.). In contrast, by the nature of the experimental design, the increase in soil moisture
for flood treatments occurred quickly and maintained an average of 63.0 ± 0.7% for cedar and
61.6 ± 0.6% for fir for the duration of the treatment period (Figure 2.2.). Generally, the drought
treatments resulted in less overall browning of foliage (Figure 2.3A.) and mortality (defined as
100% brown foliage the following year in May of 2022; Figure 2.3C.) than the flood treatments
for both species (Figure 2.3B., 2.3D.). Below, we first discuss patterns in growth and mortality
for each species before discussing key patterns observed in the physiological parameters relative
to sapling vigor and water status.
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Figure 2.2. Mean soil moisture at the end of each treatment length for cedar (A) and fir (B).
Each data point with standard error bars (representing one standard error) is an average of four
soil moisture readings taken just before a treatment was ended. When drought and flood
treatments were ended, saplings were irrigated the same as controls. Yellow symbols and lines
denote drought-treated saplings, green denotes the controls, and blue denotes the flood-treated
saplings. Note that the drought treatment for the firs was extended an additional 13 days.
Drought treatments resulted in larger increases in percent brown foliage for cedar than for
fir (Figure 2.3A., 2.3C.). Both cedar and fir maintained mostly green foliage at the end of their
drought treatment periods with only slight increases to approximately 24% by day 66 for fir and
to approximately 39% by day 50 for cedar (Figure 2.3A.). However, when examining the brown
foliage of these same saplings the following year in May of 2022, we found that only cedar
experiencing a drought of more than 53 days had sustained increases in brown foliage and
shorter drought lengths had mostly recovered with new growth (Figure 2.3C., 2.3E.). In contrast,
almost all fir recovered from the drought and had little to no brown foliage by the following
spring (Figure 2.3C.).
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Figure 2.3. Percent brown foliage according to species and treatment length in drought (A, C, E)
and flood (B, D, F) treatments. Percent brown foliage was measured on each individual sapling
at the end of their treatment periods (A, B) and delayed effects were then measured on those
same saplings at the start of the next growing season (C, D) to determine the potential for lagged
effects (E, F). In E and F, values above 0 indicate delayed browning of foliage.
Flood treatments resulted in more dramatic increases in percent brown foliage than the
drought for both species. Both cedar and fir reached 25% brown foliage after approximately 21
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days for cedar and 30 days for fir, with cedar appearing to be more sensitive than fir as the flood
progressed (Figure 2.3B.). Surprisingly, however, we found that by the following spring, fir
appeared to have been more sensitive to the floods than cedar. Our models predicted that less
than 7 days of flooding resulted in 50% brown foliage by the following spring for fir whereas for
cedar it did not reach 50% brown foliage until exposed to 16 days of flooding (Figure 2.3D.,
2.3F.).

Figure 2.4. Relative height growth from the beginning of the treatment period to the end of the
growing season by treatment and treatment length in days for cedar (A: drought, C: flood) and fir
(B: drought, D: flood). Note: y-axis scale varies by panel, and two saplings with >20%
reductions in growth were removed from the analysis, presumably because the leader was broken
off between sampling periods.
Cedar height growth continued throughout the treatment periods whereas fir had mostly
completed height growth by the time treatments were initiated. As such, cedar relative height
was negatively related to the length of drought (slope = -0.26% day-1, r2 = 0.3, p ≤ 0. 001) and
flood treatments (slope = -0.23% day-1, r2 = 0.4, p ≤ 0. 001) (Figure 2.4A., 2.4C.). Fir relative
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height growth was negatively related to the length of flood treatments (slope = -0.04% day-1, r2 =
0.08, p = 0. 046), but was not related to the length of drought treatments (p = 0.788) (Figure
2.4B., 2.4D.).
Diameter growth, in contrast, continued for both species throughout the treatment period.
As such, cedar diameter was not affected by the drought (p = 0.102), but was affected by the
flood (slope = -0.53% day-1, r2 = 0.2, p = 0. 003) (Figure A2.3A., A2.3C.). Fir diameter was not
affected by the drought (p = 0.137), but was by the flood (slope = -0.63% day-1, r2 = 0.2, p =
0.002) (Figure A2.3B., A2.3D.).
2.4.2 Water use characteristics

Figure 2.5. Boxplots of the average (A) evapotranspiration rates and (B) gmin according to
species and treatment. Each panel is separated by treatment (green = control, yellow = droughttreated) and species (fir on the left and cedar on the right). Small letters above each boxplot
indicate statistically significant differences between species and treatments.
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We found that evapotranspiration from control saplings of cedar was an average of 3.0
times higher per sapling per day than fir (p ≤ 0. 001) (Figure 2.5A.). When comparing control
saplings with saplings of the same species experiencing drought (average soil moisture of
drought-treated cedar = 1.2% and fir = 4.2%), we found that the drought had not lowered
evapotranspiration significantly for fir but it was reduced 75% for cedar (Figure 2.5A.).
Evapotranspiration between drought-treated cedar and fir did not differ (p = 0.8).
Leaf area for the saplings used to estimate evapotranspiration was not available due to
the destructive nature of the sampling. However, on average cedar saplings were 46.3 cm (2.2
times) taller than fir (Figure A2.1.). After standardizing evapotranspiration rates by each
individual sapling’s height, we found no significant difference between control cedar and fir (p
= 0.6) (Figure A2.4.). However, we did find that the drought-treated saplings transpired less
than controls of the same species and that drought-treated cedar transpired less than droughttreated fir.
2.4.3 Stress resistance characteristics
When comparing the drought resistance of cedar and fir we found that cedar had a
significantly higher gmin than fir (p ≤ 0.0001) but there was no significant difference between
drought-treated and control saplings of the same species (Figure 2.5B.; p = 0.3). However, leaf
PV curves suggested that both species had similar TLP (cedar = -1.49 MPa ± 0.04, fir = -1.54 ±
0.23 MPa, p = 0.8) (Table A2.1.). Our lab bench dry-down of shoots suggested that both species
lose water from xylem at similar rates during drought (8.9 ± 0.6 % MPa-1) but that at any given
Ψx, on average, fir had 13.6% lower RWC than cedar (Figure A2.5.). Despite the primarily
linear trend, both species experienced a notable decline in RWC near their published P50 values,
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which indicates a 50% loss of hydraulic conductivity due to embolism (cedar = -3.40 MPa, fir =
-3.87 MPa ± 0.05) (Choat et al., 2012) (Figure A2.5.).
2.4.4 Indicators of mortality

Figure 2.6. End of treatment ΨMD of drought-treated and control cedar (A, C) and fir (B, D)
compared to percent brown foliage assessed at both the end of the growing season (A, B) and the
following spring (C, D). Solid black lines indicate the TLP calculated through experimental
pressure-volume curves, and the dashed black lines indicate the published P50values for each
species (gray bands = standard error). P50 values indicate a 50% loss of hydraulic conductivity
due to embolism, and were taken from Tyree & Dixon (1983) and Hacke & Jansen (2009).
When testing the ΨMD that leads to drought mortality for cedar and fir, we found that
cedar could reach ΨMD below -5 MPa during the drought treatment without significant increases
in percent brown foliage when measured at the end of the season (Figure 2.6A.) or start of the
next season (Figure 2.6C.). Notably, these consistent declines in brown foliage occurred far
below the published 50% loss of hydraulic conductivity (P50) values (-3.40 MPa) (Tyree &
Dixon, 1983) and our measured TLP (-1.49 ± 0.04 MPa) (Figure 2.6A., 2.6C; Table A2.1.). For
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fir assessed at the end of the growing season, percent brown foliage started to increase just below
our measured TLP (-1.54 ± 0.23 MPa) but before the published P50 value (-3.87 ± 0.05 MPa)
(Hacke & Jansen, 2009) (Figure 2.6B.). By spring of the following year, many of the fir had
recovered, except for one fir treated for 24 days and two firs treated for 66 (Figure 2.6D.). Only
one sapling with sustained mortality was below the P50 value. (Figure 2.6D.). As expected, ΨMD
was not a reliable indicator of stress for flooded saplings until water potentials declined below -2
MPa (Figure A2.6.).
Chlorophyl content and fluorescence were measured at the end of each treatment to
determine if they could predict significant increases in percent brown foliage by the spring of the
following year. For cedar, chlorophyll content did not predict intermediate or high levels of
drought-stress, but rather captured mortality after the leaves turned visibly brown (Figure A2.7.).
Chlorophyll content was also not useful for predicting flood stress for cedar (Figure A2.8.). For
fir, chlorophyll content measured at the end of each treatment did not predict intermediate or
high levels of drought-stress, or capture mortality (Figure A2.7.). It also did not predict
intermediate or high levels of flood-stress, as all flood-treated firs experienced mortality
regardless of their measured chlorophyll content at the end of their treatment periods (Figure
A2.8.).
For cedar, chlorophyll fluorescence did decline with drought treatment length, but it did
not predict increases in percent brown foliage until its leaves were almost completely brown
(Figure A2.9.). Chlorophyll fluorescence was also not useful for predicting flood stress for cedar
(Figure A2.10.). For fir, chlorophyll fluorescence never declined in the drought treatments
(Figure A2.9.). It also did not predict intermediate or high levels of flood-stress, as all flood-
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treated firs experienced mortality regardless of their measured chlorophyll fluorescence at the
end of the treatment period (Figure A2.10.).
2.5 Discussion
2.5.1 Mortality and growth responses to drought and flood
We found that the drought treatments resulted in larger increases in percent brown foliage
for cedar than fir (Figure 2.3.). It appears that some of this is driven by the larger size of the
cedar trees relative to the fir (Figure A2.1.), as cedar’s greater leaf area draws down the soil
moisture more quickly. However, it also may be driven by cedar having less efficient water use
strategies than fir, such as having higher gmin and higher daily transpiration rates (Figure 2.5.).
Although the drought treatments started at the same time for both species, fir took much longer
to reach low soil moisture (Figure 2.2.) and ΨMD values (Figure 2.6.). Due to their smaller size,
fir may have also had less developed root systems that were closer to the surface of the soil than
cedar, which could have reduced the rate of soil moisture draw down (Dawson, 1996).
Collectively, these results suggest that the cedar in our study used large amounts of water – a
strategy that is appropriate in typical mesic forests that rarely experience drought (Isaac-Renton
et al., 2018). On the other hand, our physiological data (discussed more below) and other
published research on cedar physiology and growth in dry conditions suggest that despite this
high water use, when a drought does occur, cedar is quite resistant to low ΨMD and appears to be
resilient to the negative effects of drought (van Kampen et al., 2022).
In contrast to the potential confounding effect of water-use driving the rate of dry-down
in the drought treated saplings, the application of the flood treatments was consistent between
species (Figure 2.2.). Both species experienced mortality from prolonged exposure to the flood
treatments, although cedar appears to tolerate it longer and be more resilient than fir (Figure
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2.3D.). Cedar’s relative ability to withstand and recover from flood stress may have to do with its
radially sectored hydraulic xylem pathways, which fir do not possess (Larson et al., 1994). This
trait allows individual cedar roots to be hydraulically connected to individual shoots, which may
limit shoot mortality to smaller portions of the canopy connected to flood-damaged roots.
Additionally, while other studies have confirmed our findings that flood stress increases with
increasing duration of flood treatment length, they also found that flood stress effects are more
distinct when flooding occurs during the period when the trees are conducting height or diameter
growth (Denneler et al., 2008; Teskey et al., 1977). In our study, fir had already completed most
of its annual height growth by the time the flood treatments were started, whereas cedar had not
(Figure 2.4.). In addition, although diameter growth continued throughout the duration of the
experiment for both species, only cedar and fir diameter growth were negatively affected by the
flood treatments (Figure A2.3.). Therefore, the difference in flood-resistance between the two
species relative to height may have been even more pronounced if the treatments had occurred
during the period of height growth for fir (Anderegg et al., 2015; Camarero et al., 2018).
2.5.2 Physiological indicators of mortality
A major challenge for scientists is to accurately predict tree mortality from environmental
stressors such as drought and flood (Hartmann et al., 2018). Although studies like ours that
identify mortality thresholds are rare and difficult to implement, they can provide important
novel insights into the hydraulic thresholds and mechanisms that drive tree mortality, such as P80
(Dobbertin & Brang, 2001; Hammond et al., 2019; Hartmann et al., 2018). Our study found that
ΨMD was not a reliable predictor of mortality for flood-treated cedar and fir, but it was by far the
most reliable predictor of mortality for drought-treated cedar and fir. Even though the cedar had
less efficient water use strategies than fir, once fir began to experience a drought, the limited data
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we have for fir at low ΨMD suggests that fir that reach below published P50 values will experience
mortality (Figure 2.6.). Other studies have confirmed hydraulic failure from low ΨMD as the
primary cause of drought-induced mortality (Choat et al., 2018).
Although both species originally displayed a slight increase in percent brown foliage after
passing the previously published TLP and the TLP measured in this study, both species were also
able to recover their foliage by spring the following year if they did not pass the lethal ΨMD
threshold (Figure 2.6.). Additionally, both species likely have similar rates of embolism
formation and spread, as they both had observable drops in relative water content around -2.5
MPa (Figure A2.5.) and have similar published P50 values (Figure 2.6.). Despite this, our limited
data for fir suggest that they may be more sensitive to drought-stress than cedar. Foliage of cedar
that surpassed the P50 threshold was able to recover, whereas fir that surpassed the P50 threshold
could not (Figure 2.6.). Therefore, P50 values alone may not be useful in terms of predicting
mortality risk for these species. This finding is supported by Brodribb & Cochard, 2009, which
found that maximum recoverable ΨMD stress for drought-stressed Australasian Cupressaceae
corresponded to a 95% loss of conductivity. An additional study found that as long as water can
be supplied to the vascular cambium in some capacity and hasn’t reached complete hydraulic
failure, trees may be able to restore conductivity via radial growth after being relieved of their
drought stress (Hammond et al., 2019).
In addition to ΨMD, we tested if chlorophyll content and fluorescence at the end of the
treatment period could reliably predict brown foliage assessed the following spring. Previous
studies indicated that both predictors decreased in tandem with increasing water stress (Khaleghi
et al., 2013; Schreiber & Bilger, 1987). For our study however, neither were strong predictors of
mortality from drought or flood stress, as neither declined during the duration of the treatments
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and only captured mortality after the foliage was already visibly brown. However, although
chlorophyll fluorescence was not predictive of increasing brown foliage, it did decline with
increasing drought treatment length for cedar, which suggests that cedar is resilient to drought on
short time scales and have the ability to rebuild their photosystems and recover from stress (van
Kampen et al., 2022). Therefore, our data suggest that by the time there are detectable declines in
chlorophyll metrics, the saplings may have already declined past other important physiological
thresholds such as hydraulic failure (Hammond et al., 2019) and major root mortality (Benson et
al., 1998).
Our results also suggest that estimates of percent brown foliage immediately following a
drought or flood may not be helpful in predicting delayed mortality. For example, many of the
saplings (particularly cedar) that experienced significant increases in brown foliage during the
duration of the drought treatments were able to recover their foliage through new growth by the
following growing season after being rewatered. As demonstrated by the cedar that recovered
their foliage after approaching the lethal ΨMD threshold below -5 MPa, cedar may be able to
survive when only small portions of their xylem are left intact due to their stem strip-growth
morphology and radially-sectored hydraulic pathways (Adams et al., 2017; Hartmann et al.,
2018; Larson et al., 1994). Therefore, for species such as cedar, it can be extremely difficult to
understand what percent brown foliage should be equated to current or eventual sapling
mortality.
In contrast, although percent brown foliage increased in tandem with increasing treatment
length, we found that delayed mortality from the drought and flood treatments could not be
reliably assessed until the following growing season (Figure 2.3.). Hammond et al., 2019 found
that brown foliage could be measured 60 days after rewatering drought-treated loblolly pine
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saplings to accurately assess delayed mortality or survival from the treatments. However, as our
first delayed mortality assessment occurred only 36 days after the final treatment had ended,
increases in percent brown foliage likely did not occur until November or December of 2021.
However, one study by Larson et al. 1994 found that cedar shoot mortality can occur as long as
2.2 years after root mortality, as cedar shoots can survive with extremely low hydraulic
conductance that provides enough access to water to prevent immediate death, but not enough
water to maintain transpiration, recover their foliage through new growth, or thermoregulate
during periods of high temperatures and drought (Larson et al., 1994). This suggests that, at least
for species with similar physiological characteristics as cedar and fir, assessment of brown
foliage shortly after a drought or flood event may not accurately reflect final mortality from that
event.
2.5.3 Implications for conservation and management in a changing climate
This study provides insight into how drought and flood events will affect cedar and fir
survival, growth, and physiology. While there are clear differences between the experimental
greenhouse design and the field conditions of lowland cedar stands, the results of this study
allow us to make some conclusions about the future competitive dynamics of cedar and fir. One
such difference is that neighboring cedar and fir in the field are more likely to be subjected to
similar rates of soil moisture decline, and thus will experience drought-stress at similar rates.
Although fir currently dominates the sapling layer in a majority of lowland cedar stands, our
results suggest that cedar’s greater physiological resistance and resilience to drought and flood
conditions may give it a competitive advantage over fir (Allogio et al., 2021; Cornett et al.,
1997). It should be noted that more research should be conducted to confirm if cedar in the
sapling development stage have these same characteristics, as saplings are usually more sensitive
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to environmental stressors than their older counterparts (Hartmann et al., 2018; Kelly et al.,
1992).
Changing precipitation regimes are also likely to change the moisture regimes of
microtopographic pits, mounds, and flats that are common in lowland cedar stands. Although pits
contain significantly higher soil moisture content than mounds that create anaerobic conditions
that inundate and suffocate the root systems of saplings, their high soil moisture content could be
beneficial in future drought-stressed environments (Chimner & Hart, 1996a; Roy et al., 1999).
Likewise, mounds will become more valuable in providing relief from periods of increased
flooding (Allogio et al., 2021; Fernandez et al., 2015). As the more sensitive fir avoided drought
stress using efficient water-use strategies, these beneficial microsites conditions will likely
become essential to its survival. Cedar, on the other hand, may be able to outcompete fir in areas
that are prone to drought or flood stress events. Overall, the results of this study indicate that
microsite conditions in lowland stands that provide refuge from environmental stressors will
impact the competitive dynamics of cedar and fir and be crucial components of their survival.
This research helps us to gain insight into cedar and fir’s physiological response to future climate
conditions, and provides useful information for models that are aimed at monitoring and
predicting forest mortality risk in future climate conditions (Hartmann et al., 2018).
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EPILOGUE: WHAT CAN PHYSIOLOGICAL TRAITS OF CEDAR AND FIR TELL
US ABOUT MANAGEMENT IN FUTURE CLIMATE CONDITIONS?
This thesis provides insight into how climate change might alter the competitive
dynamics of cedar and fir, as well as to understand both the current and future effect that partial
harvesting will have on the structure, composition, and associated conditions of lowland cedar
stands. Our silviculture-based findings (Chapter 1) provide useful information pertaining to the
current microsite conditions associated with cedar and fir regeneration and recruitment, and our
physiology-based findings (Chapter 2) allow us to examine the physiological response of the two
species in response to extreme drought and flood conditions. However, for future study, there
may be great value in revising and combining both studies into one: quantifying the survival,
growth, and physiological response of competing cedar and fir undergoing the same treatment
conditions in both simulated and field conditions.
Except for significantly decreasing canopy closure, we found that current management
practices as applied in this study are not changing the stand conditions that are important for
cedar and fir regeneration. However, our ability to assess stand conditions associated with
regeneration was limited by the low seedling counts for both species that arose through random
sampling. Although abundant cedar regeneration was observed in specific locations (particularly
in old skid trails and on decayed downed logs and stumps), the randomly selected milplots used
to assess cedar and fir seedling abundance were located in areas with minimal regeneration.
Therefore, future studies could utilize milplot sampling strata with and without regeneration,
targeting areas with prolific regeneration of each species. The impact of the harvest could then be
assessed by focusing on known site conditions that are strongly associated with seedling
abundance. As fir may be outcompeting cedar in the sapling recruitment stage, this data

48

collection technique may show if it is worth exploring alternative harvesting strategies that have
a greater impact on site conditions.
Quantifying the physiological predictors of drought and flood-stressed saplings gave us
insight into environmental conditions that will result in individual sapling mortality (Hammond
et al., 2019). In addition, this study identified useful metrics of drought-stress for cedar and fir,
such as the turgor loss point of both species. However, although the cedar and fir saplings
experienced similar levels of flood stress, their different water-use strategies resulted in different
rates of soil moisture dry-down. This prevented us from assessing the physiological drought
response of the two species while undergoing similar conditions, as well as from gaining insight
into how drought impacted the competition response and water-use strategies of the two species.
In the future, drought studies could be conducted by growing cedar and fir both in individual
containers and in competition with one another in the same container thus exposing them to
similar rates of soil moisture dry-down. Studies that have implemented this strategy found that
seedlings employed a riskier strategy when planted with a high water-use competitor, and a more
conservative strategy when planted with a low water-use competitor (Zenes et al., 2020).
A major challenge of experimental studies is making them representative of field
conditions. In an effort to limit confounding factors we worked in a controlled greenhouse with
different light and microclimate conditions than these trees would typically encounter in the
forest. Although this approach still provides useful data, future studies might consider altering
greenhouse conditions to more strongly resemble field conditions. For example, we found that
many of the cedar saplings survived at low water potentials, and were able to recover their
foliage after being relieved of their drought stress. However, although the saplings undergoing a
drought were immediately relieved at the end of their treatments through watering, drought-
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stressed plants in the field rarely experience quick changes to abundant soil moisture (Chimner &
Hart, 1996; Hammond et al., 2019). Therefore, there is the possibility that fewer saplings would
have survived with such low water potentials under natural conditions. In contrast, the forest
understory is often buffered from extreme microclimate conditions by the canopy above it (Chen
et al., 1999; Frey et al., 2016). In this case, our greenhouse experiment most closely resembles an
unbuffered exposed forest understory that experiences a wide range of temperatures. With
adequate water, the fir and cedar in our study survived. However, it will become increasingly
important to determine how compounded stressors like heat and drought negatively impact
regeneration (Rennenberg et al., 2006).
As we move into uncertain and novel climate futures, it becomes increasingly important
that forest management is informed by sound science. Studies, such as ours, that embrace
silvicultural treatments informed by forest ecology (e.g., irregular shelterwood in the Acadian
Forest region) to achieve desired outcomes in the field and also leverage experimental data on
tree physiology and mortality will become increasingly important for predicting changes in our
forests and how we should best respond. Although stand conditions are expected to change in the
face of climate change, a better understanding of conditions cedar and fir are associated with and
an understanding of how they will respond to increasingly common climate stress events will
help us to better understand how to manage for the future.
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APPENDIX

Figure A1.1. Location of study sites (A), and a map of Danforth (B), the PEF (C), and Dyer (D)
with the location of the plot centers. In panels B, C, and D, red sections depict harvested areas,
dashed black and white lines depict skid trails, and checkered green areas depict the controls.
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Table A1.1. Pre-harvest total basal area and percent species composition of the overstory for
each site.
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Table A1.2. Decay class definitions (adapted by Fraver unpubl., from FIA).
Decay Class
Characteristics
1
2
3
4
Sapwood
Heartwood
Heartwood
Wood Structure
Sound
soft
mostly sound
rotten
Mostly
Soughing or
Detached
Bark Condition
Intact
intact
absent
or Absent
Fine
Large
Branch
Twigs and
Branches
twigs
twigs
stubs pull
Branches
present
present
present
out easily
Cross-Section
Round
Round
Round
Elliptical
Shape
Root Invasion
Sapwood
Absent
Absent
Throughout
Status
only
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5
Absent
Detached or
absent
Mostly
absent
Elliptical /
Flat
Throughout

Table A1.3. Positive and negative relationships between microtopographic position (Pit, Flat,
Mound) and the abundance of fir and cedar seedlings.

z

Standard Residual reveals if there is a positive or negative relationship between microtopographic
position and seedling abundance
x
Chi-square tests reveal significant (p<0.05) positive and negative relationships between
microtopographic position and seedling abundance
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Table A1.4. Percent of individual saplings browsed according to site, species, and browse type.
Total counts of seedlings that were browsed were assessed at the milplot level and averaged up
to calculate percent browse.
Percent Browse (by Browse Type)
Site
Species
Ungulates
Hares
PEF
Cedar
3.1%
6.3%
Fir
13.1%
50.3%
Danforth Cedar
0.0%
9.2%
Fir
3.3%
14.7%
Dyer
Cedar
0.0%
9.1%
Fir
5.9%
14.3%
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Figure A2.1. Bar chart of average initial height for 72 fir (green) and 72 cedar (orange)
measured at the beginning of the growing season in 2021.
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Drought

Flood

Control

Figure A2.2. Image of drought-treated (left), flood-treated (middle), and control (right)
experimental saplings.
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Figure A2.3. Relative diameter growth from the beginning of the drought (A, B) and flood (C,
D) treatment period to the end of the growing season by treatment and treatment length in days
for cedar (A, C) and fir (B, D). Note: y-axis scale varies by panel, and four saplings with >20%
reductions in growth were removed from the analysis, due to sampling error.
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Figure A2.4. Boxplots of the average standardized differences in transpiration rates according to
species and treatment. Each panel is separated by treatment (green = control, yellow = droughttreated) and species (fir on the left and cedar on the right). Small letters above each boxplot
indicate statistical differences between species and treatments.
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Table A2.1. Physiological characteristics of cedar and fir. Experimental measurements were
conducted in the lab during the summers of 2021 and 2022 and were compared to published
values.
Species
Physiological Characteristics
Turgor Loss Point (TLP)
(This study)
(Published)
Published P50
Minimum Stomatal Conductance (gmin)
(Controls)
(Drought Treated)
Evapotranspiration
(Control)
(Drought Treatments)
Chlorophyll Content
Chlorophyll Fluorescence

Units
MPa

MPa
mmol m-2 s-1

Cedar

Fir

-1.49 (± 0.04)
-2.6 to -3.2z
-3.40y

-1.54 (± 0.23)
-1.3 to -1.7z
-3.87 ± 0.05x

13.34 (± 2.74)
19.83 (± 2.72)

5.21 (± 1.34)
4.10 (± 0.81)

9.03 (± 0.97)
1.89 (± 0.23)
423.92 (± 8.57)
0.79 (± 0.01)

3.06 (± 0.45)
2.27 (± 0.08)
503.98 (± 9.44)
0.82 (± 0.004)

kg day-1
µmol m-2

z

M. K. Bartlett et al., 2012
M. T. Tyree & Dixon, 1983
x
Hacke & Jansen, 2009
y
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Figure A2.5. Xylem relative water content of cedar (orange circles) and fir (green triangles)
compared to their measured Ψx during a bench-top dry down experiment. The vertical dashed
lines denote the P50 values for cedar (orange) (Tyree & Dixon, 1983) and fir (green) (Hacke &
Jansen, 2009).
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Figure A2.6 End of treatment ΨMD of flood-treated cedar (A) and fir (B) compared to percent
brown foliage assessed at the start of the following summer.
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Figure A2.7. Chlorophyll content (µmol m-2) for cedar (left) and fir (right) by drought treatment
length, with percent brown foliage measured the following spring as the size of the scatterplot
dots.
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Figure A2.8. Chlorophyll content (µmol m-2) declines for cedar (A) and fir (B) by flood
treatment length, with percent brown foliage measured the following spring as the size of the
scatterplot dots.
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Figure A2.9. Chlorophyll fluorescence (PSII) declines for cedar (A) and fir (B) by drought
treatment length, with percent brown foliage measured the following spring as the size of the
scatterplot dots.
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Figure A2.10. Chlorophyll fluorescence (PSII) declines for cedar (A) and fir (B) by flood
treatment length, with percent brown foliage measured the following spring as the size of the
scatterplot dots.

75

BIOGRAPHY OF THE AUTHOR
Katlyn (Katie) Schulz was born in Omaha, Nebraska on March 7th, 1997. Though her
original career goal was to become a professional classical violinist, she started to develop a
passion for the environment in high school after joining a recycling club. After graduating from
Millard West High School in 2015, she attended Drake University to study Environmental
Science, where her passion only grew. Her specific interest in plants was piqued after working as
a greenhouse assistant, taking multiple botany courses, and learning to identify plants in the field
for work. After graduating from Drake University she took a gap year working seasonal
environmental jobs, where she gained a wide variety of experience and traveled to Maine to
teach ecology to elementary and middle school students.
This experience made her fall in love with the state and inspired her to apply to graduate
school at the University of Maine. She moved to Orono, Maine during the height of the
pandemic, and entered the Forest Resources graduate program working with Dr. Jay Wason and
Dr. Laura Kenefic. She has had an amazing time learning more about trees, exploring Maine, and
making lifelong friends. After graduation, Katie aims to work for an environmental nonprofit,
government agency, or consulting firm, and is excited to further explore her personal passions
for local activism, music and crafts, and hiking. Katie is a candidate for the Master of Science
degree in Forest Resources from the University of Maine in August 2022.

76

